NET formation in mice (NETosis) is supported by reactive oxygen species (ROS) production by NADPH oxidase and histone hypercitrullination by peptidylarginine deiminase 4 (PAD4). Rac1 and Rac2, expressed in polymorphonuclear neutrophils (PMNs), regulate the cytoskeleton, cell shape, adhesion, and migration and are also essential components of the NADPH oxidase complex. We aimed to explore the role of the Rac signaling pathway including the upstream guanosine exchange factor (GEF) activator, Vav, and a downstream effector, the p21-activated kinase, Pak, on NETosis in PMNs using a previously described flow-cytometry-based assay. 
| I N TR ODU C TI ON
Polymorphonuclear neutrophils (PMN) release neutrophil extracellular traps (NETs) in response to diverse stress signals in a form of nonapoptotic death. 1 NETs were initially described as a component of innate immunity, as these extracellular structures can bind microorganisms and ensure high local concentrations of antimicrobial agents. 2 Subsequently, NET contribution to pathological processes such as vasculitis, rheumatoid arthritis, lupus erythematosus and other autoimmune diseases, 3, 4 thrombosis, 5 and cancer 6, 7 has also been described. The role of NETs in these pathological conditions suggest that the process of NET formation may represent an important therapeutic target, and that its improved understanding could pave the way for the development of interventions for a wide array of clinical situations.
NETs form in a stepwise process termed NETosis, which includes chromatin decondensation and nuclear membrane rupture that allows modified chromatin to mix with granular contents such as neutrophil elastase and myeloperoxidase (MPO) prior to release into the extracellular space. Two essential steps controlling NETosis have been identified so far. Peptidylarginine deiminase 4 (PAD4) converts arginine to citrulline on histone tails, which favors chromatin decondensation.
Thus, histone citrullination is recognized as an early and necessary step of NETosis 8, 9 and PAD4 inhibition significantly reduces NETosis in mouse neutrophils. 10 NETosis is also dependent on reactive oxygen species (ROS) production by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which is a component of the phagocytic oxidative burst in PMNs. NETosis can be inhibited by the NADPH oxidase inhibitor diphenylene iodonium (DPI), and is absent in cells with defective oxidative burst, as in chronic granulomatosis disease (CGD). 1, 11 NADPH oxidase is a multi-subunit enzyme complex with Rac as a regulatory subunit. Rac2-deficient neutrophils have decreased ROS production 12 and fail to form agonist-induced NETs. 13, 14 To 
| Flow cytometry-based assay to quantify H3Cit
Mouse peripheral blood (PB) polymorphonuclear neutrophil (PMNs)
isolation was performed as previously described. 13 Purified mouse 
| Flow cytometry-based assay to detect NETs
PMN staining and NETs assay by flow cytometry was performed as described. 13 Briefly, purified mouse PMNs resuspended in RPMI1640
were stimulated with 100 nM PMA, or 4 lM Ionomycin (Life Technologies), for 4 h at 378C in 5% CO 2 , then fixed in 2% paraformaldehyde, 
| Group A Paks inhibitors treatment
IPA-3 (Sigma) was resuspended in DMSO at a 10003 stock concentration and stored at 2208C. PF3758309 was a generous gift from Pfizer and diluted in the same way. Inhibitors were applied to cells 30 minutes prior to stimulation and kept during stimulation. Vehicle (DMSO) treated cells were used as controls.
| Statistics
Data are presented as means 6 SEM and were analyzed with twosided Student test using GraphPad Prism software (Version 5.0, La Jolla, CA). Results were considered significant at P < .05. * P < .05, ** P < .01, *** P < .001.
| R E SU LTS

| Rac1 and Rac2 play overlapping roles in NETosis
Rac is an integral part of the NADPH oxidase complex, and Rac1 and Rac2 subserve partially redundant functions in PMNs. 35 In response to PMA stimulation, H3Cit in WT PMN cells was increased to 136% of basal compared with 103% in Rac2 -/-PMN (P < .01 Figure 1A ). Figure 1B ). Thus, absence of both Rac1 and Rac2 was associated with a more severe decrease in both H3Cit and NET formation, suggesting overlapping roles in NETosis control. . ttest * P < .05, ** P < .01, *** P < .001, versus basal (WT unstimulated) unless otherwise specified (A, C) Histone hypercitrullination and (B, C) NETosis were independently determined. N 5 3-4 t-test: * P < .05, ** P < .01, *** P < .001, versus basal (no inhibitor, unstim) unless otherwise specified
| Pharmacological inhibition of group A Paks inhibits full histone citrullination and NETosis
We next examined the potential role of the Rac effector, Pak, using previously developed inhibitors. IPA-3 is an irreversible, cell-permeable, no IPA-3 39.4 6 6.0% vs. IPA-3 5 lM 6.2 6 5.5% P < .001; PMA: no IPA-3 15.5 6 6.6% vs. IPA-3 5 lM 1.3 6 0.7%, P < .001 ( Figure 3B ).
The low level of spontaneous NETosis was also inhibited: no IPA-3 7.6 6 4.5% vs. IPA-3 5 lM 1.6 6 1.6%, P< 0.05, Figure 3B ). 0.5% P < .001; Figure 3D ). These data demonstrate that chemical inhibition of Pak reduces NETosis in isolated PMN.
| Pak2 is a main downstream effector of Rac1 and 2 for histone citrullination and NETosis
We next sought to further define the role of specific Paks in NETosis.
Pak2 is known to colocalize with Rac2 and phosphorylate NADPH subunits upon activation of PMN. 27 We hypothesized that Pak2 is the critical Rac effector in NETosis. Pak2 fl/fl mice. for both, Figure 4B ).
| The induction of H3Cit is a predictor of NETosis
Histone citrullination (H3Cit) is thought to be a necessary and early step of NETosis. 8, 9, 38 The data presented here and in a prior report 13 show that assessment of early H3Cit levels by flow cytometry is a useful predictor of subsequent NET formation, although basal H3Cit content may vary according to conditions. In this set of data, basal H3Cit levels were significantly decreased by combined Rac1 and Rac2 or Figure S2 and Table S1 ). Indeed, when comparing the conditions in which NETosis was significantly impaired (Rac2 NETosis after 4 hours were independently determined. N 5 3-6. t-test: * P < .05, versus control (WT unstim) unless otherwise specified H3Cit caused by PMA treatment (DH3Cit: 13.3 6 3.3% vs. 35.5 6
4.8%, P 5 .0035, Supporting Information Figure S2 and Table S1 ).
| D I SCUSSION
The data presented here confirm and more comprehensively define the key role of the Rac signaling axis on NETosis in mouse neutrophils. We provide evidence suggesting that Rac2 is necessary for NETosis in PMNs, as was previously shown by Lim and colleagues, and our group. 13, 14 We also propose a redundant yet essential role for Rac1 in NETosis, as deletion of both isoforms further reduced and almost completely abolished Ionomycin-induced and PMA-induced NETosis. We have previously shown similar redundant roles for Rac1 and Rac2 in NADPH oxidase regulation. 35 Our data provide strong experimental support for the common regulatory pathway between ROS production by NADPH oxidase and NETosis, that has been previously postulated.
1,11
Vav proteins have not previously been implicated in NETosis. Vav1
and Vav 3 GEF are both activators of Rac, and appear to play overlapping but more modest roles in NETosis. While Vav proteins appear to contribute to Rac-GTPase activation leading to NET formation, the modest quantitative impact observed in our data suggest that they may not be the main GEFs for NETosis induction. Similar data have been seen in the control of NADPH oxidase activation, suggesting that GEF activation may be both agonist-and cell type-specific, with differences in GEF usage determining to some extent downstream cellular effects. 39 Histone citrullination (H3Cit) is thought to be a critical early step of NETosis in cell lines and mouse models. 8, 9, 38 The data presented here and previously by our group 13 show that the assessment of early 
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